Islet transplantation for type 1 diabetic patients shows promising results with the use of nondiabetogenic immunosuppressive therapy. However, in addition to compromising the immune system of transplant recipients, long-term studies demonstrate that islet viability is impaired. Here, we demonstrate that, in the absence of immunosuppressive agents, monotherapy with clinical-grade human ␣1-antitrypsin (hAAT), the major serum serine-protease inhibitor, prolongs islet graft survival and normoglycemia in transplanted allogeneic diabetic mice, lasting until the development of anti-hAAT antibodies. Compared to untreated or albumin-controltreated graft recipients, which rejected islets at day 10, AATtreated mice displayed diminished cellular infiltrates and intact intragraft insulin production throughout treatment. Using peritoneal infiltration models, we demonstrate that AAT decreases allogeneic fibroblast-elicited natural-killer-cell influx by 89%, CD3-positive cell influx by 44%, and thioglycolate-elicited neutrophil emigration by 66%. ATT also extended islet viability in mice after streptozotocin-induced beta cell toxicity. In vitro, several islet responses to IL-1␤͞IFN␥ stimulation were examined. In the presence of AAT, islets displayed enhanced viability and inducible insulin secretion. Islets also released 36% less nitric oxide and 82% less macrophage inflammatory protein 1 ␣ and expressed 63% fewer surface MHC class II molecules. TNF␣ release from IL-1␤͞ IFN␥-stimulated islet cells was reduced by 99%, accompanied by an 8-fold increase in the accumulation of membrane TNF␣ on CD45-positive islet cells. In light of the established safety record and the nondiabetogenic potential of AAT, these data suggest that AAT may be beneficial as adjunctive therapy in patients undergoing islet transplantation.
Islet transplantation for type 1 diabetic patients shows promising results with the use of nondiabetogenic immunosuppressive therapy. However, in addition to compromising the immune system of transplant recipients, long-term studies demonstrate that islet viability is impaired. Here, we demonstrate that, in the absence of immunosuppressive agents, monotherapy with clinical-grade human ␣1-antitrypsin (hAAT), the major serum serine-protease inhibitor, prolongs islet graft survival and normoglycemia in transplanted allogeneic diabetic mice, lasting until the development of anti-hAAT antibodies. Compared to untreated or albumin-controltreated graft recipients, which rejected islets at day 10, AATtreated mice displayed diminished cellular infiltrates and intact intragraft insulin production throughout treatment. Using peritoneal infiltration models, we demonstrate that AAT decreases allogeneic fibroblast-elicited natural-killer-cell influx by 89%, CD3-positive cell influx by 44%, and thioglycolate-elicited neutrophil emigration by 66%. ATT also extended islet viability in mice after streptozotocin-induced beta cell toxicity. In vitro, several islet responses to IL-1␤͞IFN␥ stimulation were examined. In the presence of AAT, islets displayed enhanced viability and inducible insulin secretion. Islets also released 36% less nitric oxide and 82% less macrophage inflammatory protein 1 ␣ and expressed 63% fewer surface MHC class II molecules. TNF␣ release from IL-1␤͞ IFN␥-stimulated islet cells was reduced by 99%, accompanied by an 8-fold increase in the accumulation of membrane TNF␣ on CD45-positive islet cells. In light of the established safety record and the nondiabetogenic potential of AAT, these data suggest that AAT may be beneficial as adjunctive therapy in patients undergoing islet transplantation. interleukin 1 ͉ nitric oxide ͉ TNF␣ I slet damage and an increased incidence of diabetes are associated with the use of immunosuppressive drugs in organ transplantation and present a major obstacle for clinically applicable human islet transplantation (1) . Therefore, the advent of nondiabetogenic steroid-free, immunosuppressive treatment protocols, such as rapamycin-based protocols, have greatly facilitated human islet transplantation (reviewed in ref. 2) . However, although clinically effective, rapamycin-based protocols have been associated with an increased risk of hyperlipidemia and hypertension, limiting the applicability of islet transplantation to severe cases of diabetes type 1. Long-term follow-up studies reveal that the viability of engrafted islets is also compromised (3, 4) .
␣1-Antitrypsin (AAT), the major serum serine-protease inhibitor, inhibits the enzymatic activity of neutrophil elastase, cathepsin G, proteinase 3, thrombin, trypsin, and chymotrypsin (reviewed in ref. 5) . AAT may facilitate the survival of islet transplants in engrafted patients, because the inhibitor prevents inflammatory cytokine production, blocks immune cell infiltration and function, inhibits complement activation, and delays the development of diabetes in nonobese diabetic mice (5) (6) (7) (8) (9) (10) (11) (12) .
In the present study, we demonstrate that monotherapy with clinical grade human AAT (hAAT) prolongs graft survival in a mouse model of islet allograft rejection. To examine the mechanisms responsible for this protection, we measured the effects of hAAT on peritoneal-cell infiltration and addressed the protective effects of hAAT on islets by studying IL-1␤͞IFN␥-induced islet responses in vitro and streptozotocin (STZ)-induced islet toxicity in vivo.
Materials and Methods
Mice. C57BL͞6 and DBA͞2 females were purchased from The Jackson Laboratory. Experiments were approved by the University of Colorado Institutional Animal Care and Use Committee.
Islet Isolation, Transplantation, and in Vitro Responses. Five-to 6-week-old C57BL͞6 mice were rendered hyperglycemic by STZ (225 mg͞kg of body weight i.p., Sigma) and were transplanted 5 days later. Islets were isolated from DBA͞2 mice on the day of transplantation, as described in ref. 13 . Briefly, mice were anesthetized, and pancreata were inflated with collagenase (1 mg͞ml, type XI, Sigma), excised, and incubated for 40 min at 37°C. Digested pancreata were vortexed and filtered through a 500-m sieve and the pellet washed in HBSS containing 0.5% BSA (Sigma). The pellet was resuspended in RPMI medium 1640 supplemented with 10% FCS, 50 units͞ml penicillin, and 50 g͞ml streptomycin (Cellgro, Mediatech, Herndon, VA). Islets were collected on a 100-m cell strainer (BD, Falcon) and hand picked. For transplantation, 450 islets were washed and mounted on a standard 0.2-ml tip. Recipient mice were anesthetized, an abdominal-wall incision was made over the left kidney, and the islets were released into the renal subcapsular space through a puncture in the capsule, which was immediately sealed with 1-mm 3 sterile absorbable gelatin sponge (Surgifoam, Ethicon, Somerville, NJ). Blood glucose levels were determined three times a week from tail blood by using a glucometer (Roche).
For in vitro studies, the islets were incubated at 37°C for 24 h before experiments. An insulin-induction assay was performed as described in ref. 14, by using a mouse-insulin ELISA kit (Mercodia, Metuchen, NJ). Immunohistochemistry was performed as described in ref. 15 , by using anti-mouse-insulin antibody (Sigma) and staining reagents (VECTASTAIN ABC, Vector Laboratories). NO in islet supernatants was measured by using Griess reagent (Promega). Islet viability was assessed by using an XTT-based toxicology assay (Sigma).
Detection of Anti-hAAT Antibodies. Serum anti-human-AAT antibody level was determined as described in ref. 16 , with the following modifications. Microtiter plates were coated with hAAT (2 g͞ml, Aralast, Baxter, Westlake Village, CA) or human albumin (2 g͞ml). Goat-anti-mouse IgG-peroxide conjugate (R & D Systems) was used as secondary antibody to detect bound anti-hAAT antibodies.
NIH 3T3 cells per peritoneal inoculation) were injected i.p. into mice that were pretreated with 0. Cytokine Assays. IFN␥ was determined by using specific ELISA (R & D Systems). TNF␣ and macrophage inflammatory protein 1␣ (MIP-1␣) were detected by electrochemiluminescence assay, as described in ref. 18 . The amount of chemiluminescence was determined by using an Origen analyzer (BioVeris, Gaithersburg, MD).
Detection of Membrane TNF␣ and MHC Class II. Membrane TNF␣ on islet cells was detected by modification of a method used for the detection of membrane TNF␣ on human peripheral blood mononuclear cells (19) . A single-cell suspension of islets was incubated with anti-mTNF␣-PE mAb (MP6-XT22-PE, eBioscience) or anti-MHC class II (M5͞114.15.2, BD Pharmingen).
Statistical Analysis.
Comparisons between groups were analyzed by two-sided t test or by ANOVA for experiments with more than two subgroups. Results are presented as mean (ϮSEM).
Results

AAT Prolongs Islet Allograft Survival.
Islets isolated from DBA͞2 mice (H-2 d ) were transplanted under the left renal capsule of STZ-induced hyperglycemic C57BL͞6 mice (H-2 b ). Blood glucose was followed throughout the study (Fig. 1a) . Untreated recipient mice exhibited a rise in glucose levels after a short period of normoglycemia, reflecting the occurrence of acute graft failure. hAAT or albumin control was injected i.p. 1 day before transplantation and every 3 days thereafter. Recipient mice that received the full AAT treatment protocol exhibited prolonged graft function ( Fig. 1 a and b) . As depicted in Fig. 1b , partial treatment protocols, i.e., hAAT on days Ϫ1, 1, and 3 (early AAT) or on day 2 and thereafter (late AAT), did not prolong allograft survival.
hAAT-treated mice developed anti-hAAT antibodies ( Fig. 1  c and d) . To ascertain that the antibodies were responsible for the reduction in the protective effect of hAAT, a group of mice was preexposed (''immunized'') to hAAT. The mice were injected i.p. with 10 mg of hAAT at intervals of 1 week for a total of four times and were transplanted 2 months later with allogenic islets. The mice were treated with the full AAT protocol, despite exhibiting high titers of specific antibodies before engraftment. These recipients, not unexpectedly, exhibited rapid graft rejection (Fig. 1c) . In addition, day 15 from transplantation was chosen to depict an association between antibody formation and loss of hAAT-protective activity; at this time point, hAATtreated mice were divided into those that exhibited anti-hAAT antibodies and those that did not. As shown in Fig. 1d , all antibody-positive mice were hyperglycemic, and all antibodynegative mice were normoglycemic.
AAT Inhibits Cellular Infiltration. Two models of cell emigration were performed: ThG-elicited peritoneal infiltration, and cellular infiltration elicited by i.p. injection of major-MHCincompatible fibroblasts. For both setups, C57BL͞6 mice were pretreated with saline, human albumin, hAAT, or oxidized hAAT.
ThG Model. Peritoneal lavage was performed 24 and 48 h after ThG injection, and cells were counted and identified by FACS Control consists of graft recipients that were untreated (n ϭ 3) or treated every 3 days (from day Ϫ1) with human albumin (6 mg, n ϭ 3). Prolonged islet graft survival is observed in mice treated every 3 days (from day Ϫ1) with hAAT (2 mg, n ϭ 10). * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001 between glucose levels on the same day. (b) Treatment protocols. Control and full AAT treatments are represented in a. Shown in b are AAT only on days Ϫ1, 1, and 3 (2 mg, n ϭ 3; Early AAT) and AAT from day 2 and every 2 days thereafter (Late AAT) (2 mg, n ϭ 3). The day that glucose levels exceed 300 mg͞dl is indicated as Rejection. analysis. As shown in Fig. 2a , at 24 and 48 h, the total cell count was lower in mice pretreated with AAT. At 48 h, the total cell count in peritoneal lavage of AAT-treated mice was 50% of that in control mice (Fig. 2 a and b) . The total cell count in mice that received albumin control was similar to that of saline-treated mice. Oxidized AAT that had lost its in vitro anti-elastase activity (Fig. 2c) failed to inhibit cellular infiltration (Fig. 2b) . The decrease in the total cell count is primarily attributed to a decrease in the number of neutrophils, identified by their GR-1 high ͞intermediate side-scatter (SSC) profile (20) (Fig. 2d Left) quantified FACS analysis and Fig. 2d Right, FACS analysis. No major differences were observed with the infiltration of macrophages, identified by their F4͞80 int , GR-1 int , intermediate SSC profile (20) , which is distinct from the F4͞80 very high , GR-1 low , high-SSC profile of resident macrophages. Spleens were removed 48 h after ThG injection, and splenocytes were cultured. In the absence of inducers, the splenocytes spontaneously produced TNF␣ (Fig. 2e) . Pretreatment of mice with AAT decreased TNF␣ release from cultured splenocytes (mean 96.4%). A similar suppression was found in IFN␥ (mean 95.0%), implying a sustained effect of AAT on isolated, washed splenocytes 48 h after in vivo exposure of the mouse to ThG. As shown in Fig. 3a , the introduction of allogeneic cells evoked a cellular infiltrate that consisted of early appearing neutrophils and activated macrophages and late appearing CD3 ϩ and NK cells (Fig. 3 a and b) . hAAT-treated mice exhibited a reduction in neutrophils by 53%, CD3 ϩ by 44%, and NK cells by 89%.
To evaluate infiltration into grafted islets, grafts from AATand ALB-treated recipient mice were examined. As depicted in Fig. 3c Left, a cellular infiltrate is demonstrable regardless of AAT treatment and includes neutrophils and lymphocytes. However, infiltrates evoked by grafts of AAT-treated recipient mice were small and accumulated around intact islets, whereas infiltrates evoked by grafts of ALB-treated recipient mice were large and caused disruption of islet borders. To evaluate islet graft function, insulin content was evaluated in day-15 grafts from AAT-and ALB-treated recipient mice. As depicted in Fig.  3c Right, insulin production was preserved in islets of hAATtreated recipients.
AAT Modifies Islet Response to Proinflammatory Mediators in Vitro.
Islet responses to IL-1␤͞IFN␥ stimulation were examined in vitro. Stimulated islets produce NO and exhibit NO-dependent loss of viability (14) . As shown in Fig. 4 a and b , in the presence of AAT, less NO is produced and greater islet viability is observed. The production of MIP-1␣ was decreased in the presence of AAT, particularly when stimulated by low concentrations of IL-1␤͞IFN␥ (Fig. 4c) . Notably, TNF␣ levels in islet supernatants were markedly diminished by AAT (Fig. 4d) . Insulin induction (Fig. 4e) was inhibited by IL-1␤͞IFN␥ but was intact in the presence of AAT.
Effect of AAT on Beta Cells in Vivo. STZ-mediated toxicity was evaluated in vivo. AAT was administered 1 day before, on the same day as, and 1 day after STZ injection. Immunohistochemistry of pancreata with anti-insulin antibodies at 48 h after STZ injection reveals larger numbers of insulin-producing cells in islets of AAT-treated mice than in ALB-treated mice ( Fig. 4f ; mean 26.3% and 12.8% insulin-producing cells per islet, respectively). Freshly isolated islets were found to contain CD45 ϩ cells, according to FACS analysis (Fig. 4g ). These cells are also positive for the monocytic͞granulocytic markers Gr1 and F4͞80 (data not shown). The CD45 ϩ cell population responded to AAT with decreased surface MHC class II expression (Fig. 4h) .
AAT Inhibits Release of Membrane TNF␣ from Islets. Soluble TNF␣ is released from activated cells by the action of TNF␣-converting enzyme (TACE) (21) . We examined the levels of membrane TNF␣ in cytokine-stimulated islet cells. The effect of AAT was compared with that of a TACE inhibitor (TACE inhibitor described in ref. 22) . Both AAT and the TACE inhibitor decreased TNF␣ levels in supernatants of islets exposed to IL-1␤͞IFN␥ (Fig. 5a Left). Under these conditions, membrane TNF␣ accumulated on the cell surface of CD45 ϩ islet cells (Fig.  5a Right and Lower).
To assess the possibility that islet protection occurs through inhibition of release-of-membrane TNF␣ in vivo, we compared treatment of mice with TACE inhibitor, the soluble form of p55 TNF receptor (23) and AAT, before STZ injection. Although, as anticipated, mice developed hyperglycemia 4 days after STZ administration, the progression of beta cell toxicity was significantly affected by the different treatments. As shown in Fig. 5b , the effect of STZ at 48 h was decreased in the presence of AAT (46.5% lower fasting glucose levels than STZ͞saline injected mice). The effect of STZ was also diminished, although to a lesser extent, by administration of TACE inhibitor or a soluble form of p55 TNF receptor (22.3% and 24.7%, respectively, lower fasting glucose levels than STZ͞saline-injected mice).
Discussion
In this study, monotherapy with clinical grade AAT prolonged the survival of insulin-secreting islet allografts in a mouse model of islet allograft rejection. Excised grafts showed intact islets and diminished intragraft cellular infiltration. In mice, hAAT activity is limited in vivo by the development of anti-hAAT antibodies (7) . In this study, the association between antibody formation and loss of hAAT protective effect was particularly evident after 15 days of hAAT treatment and was verified by using mice that were induced to produce anti-hAAT prior to transplantation.
The dosage used in this study is based on mouse gene-transfer studies, in which plasma levels of 0.8-1.0 mg͞ml hAAT were attained (16) and provided protection from type I diabetes in nonobese diabetic mice (7) . Similarly, 0.3-1.0 mg of i.p. AAT protected mice from TNF␣-mediated lethal response (24) , and 0.8 mg of AAT protected against D-galactosamine͞LPS-induced hepatic injury (25) . Normal human plasma contains 0.8-2.4 mg͞ml AAT (26) .
We demonstrate here that i.p. ThG induced local immune-cell migration that was inhibited by AAT. Specifically, ThG-induced infiltration contained 66% fewer neutrophils, the presence of which is detrimental to islet survival (27) . The effect of AAT on neutrophil function is well documented; AAT blocks IL-8 secretion from human leukocytes (28) and reduces whole-lung expression of macrophage inflammatory protein 2, monocyte chemotactic protein 1 (MCP-1), and intercellular adhesion molecule 1 (11) . AAT reduces neutrophil infiltration into kidneys during ischemia͞reperfusion injury (10) and into lung tissue after intratracheal silica administration (11) . The essential inhibitory effect of AAT on neutrophils probably involves direct inhibition of elastase, the prototypic neutrophil protease and an avid substrate for AAT anti-protease activity. Elastase can promote islet graft destruction not only by facilitation of neutrophil migration (29) but also by induction of platelet-activating factor (6) and processing of tyrosine-tRNA synthase into fragments with IL-8-like properties (30) .
Macrophages infiltrate islets before the onset of insulitis in nonobese diabetic mice (31) , and the depletion of macrophages protects transplanted islets from acute rejection in rats (32) . It was shown that islets produce MCP-1 (33) and that islet rejection is associated with an increased expression of intragraft macrophage chemokines and their receptors (34) . Indeed, knockout mice for these receptors exhibit prolongation of islet allograft survival (34, 35) . Once activated inside transplanted tissues, macrophages can secrete TNF␣ and IL-1␤, which cause cell damage before antigen recognition (36) . Therefore, it was interesting to find that macrophages reside within freshly isolated islets (as also described by Toyama et al. in ref. 37) .
i.p. injection of allogeneic NIH 3T3 cells evoked infiltration of macrophages and neutrophils on days 1 and 2 after injection and of CD3 ϩ and NK cells on days 4 and 5 after injection. The intensity of the latter type of infiltrate was decreased by administration of AAT before injection of allogeneic cells but not by administration of AAT 3 days after cell injection (data not shown), indicating that the decrease in CD3 ϩ and NK cells is secondary to AAT-induced suppression of the preceding infiltrate. Concurrently, late treatment with AAT was ineffective in prolonging islet graft survival, whereas full AAT treatment diminished infiltration of neutrophils and lymphocytes and was associated with improved islet viability and intragraft insulin content.
AAT decreased in vitro NO production by IL-1␤͞IFN␥-stimulated islets, resulting in enhancement of islet viability and intact glucose-mediated insulin induction. In vivo, AAT protected islets from STZ-induced toxicity, as demonstrated by a lower degree of hyperglycemia after 48 h. In that experiment, we observed that the relative number of viable beta cells inside islets was proportional to the decrease in serum glucose levels, as assessed by insulin content. Considering the ability of AAT to diminish NO production by islet cells, these data suggest that AAT interferes with NO-dependent events that mediate STZ toxicity (38) .
MHC class II antigens on the surface of islet cells are critical for directing immune responses against islets (39) . Here, we show that AAT reduces MHC class II expression in islets to levels below those found in IL-1␤͞IFN␥-stimulated islets and in unstimulated islets. Because the procedure of islet-isolation provokes the activation of inflammatory pathways (40) , the ability of AAT to decrease islet expression levels of MHC class II below isolation-induced levels is highly relevant.
In the presence of AAT, IL-1␤͞IFN␥-stimulated islets produced strikingly less TNF␣ (mean decreases of 89.9% and 99.2% at 0.5 mg͞ml and 1.0 mg͞ml AAT, respectively). Because AAT blocks TNF␣ release from stimulated human peripheral blood mononuclear cells without affecting TNF␣ mRNA levels (41), we believe that AAT might also inhibit the release of TNF␣ from islet cells. Membrane TNF␣ is released from cell surfaces by the action of the metalloproteinase TACE (21) . Accordingly, inhibitors of TACE reduce TNF␣ release and increase the amounts of membrane TNF␣ (19) . Here, we demonstrate that, in the presence of AAT, TNF␣ accumulates on the surface of IL-1␤͞ IFN␥-stimulated CD45 ϩ islet cells. TACE-inhibition may be relevant for the process of graft rejection, because an inhibitor of TACE decreased injury in a rat model of posttransplant lung injury (42) . Although there are no reports that describe prolongation of islet graft survival by TACE inhibition alone, locally secreted TNF␣ was found to be detrimental to islet graft function (43) , and islet allograft survival was prolonged after ex vivo transduction with adenovirus-encoded soluble type 1 TNF receptor decoy (44) .
In an animal model of renal ischemia͞reperfusion injury, administration of human AAT (0.5 mg) protected kidney function and was associated with reduced neutrophil infiltration, intragraft TNF␣ levels, and frequency of apoptosis (10) . It is recognized that ischemia͞reperfusion injury during human renal transplantation correlates with poor clinical outcome (45) . Specifically, in gene expression studies performed on biopsies of renal grafts at 15-min postperfusion (''zero-hour''), Avihingsanon et al. (45) demonstrate that intragraft proinflammatory and early immune-activating gene-expression patterns correlate with poor transplant outcome; abundance of TNF␣ and ICAM-1 transcripts and graft ischemic time individually predicted acute rejection, and suboptimal expression of antiapoptotic genes predicted delayed graft function. The ability of AAT to diminish inflammatory parameters and cytopathic tissue injury in the ischemia͞reperfusion model may provide the basis for the diminished alloimmune response and prolonged graft survival in the islet-transplantation model observed here.
Our data suggest, therefore, that the mechanism by which AAT prolongs islet graft survival involves multiple aspects of In vivo STZ-induced beta cell toxicity. C57BL͞6 mice were injected with saline (n ϭ 3), AAT (5 mg, n ϭ 3) or soluble p55 TNF receptor (p55 TNFR, 1 mg͞kg of body weight, n ϭ 3) or administered oral TACE inhibitor (TACEi, 60 mg͞kg of body weight, n ϭ 6) 1 day before injection of STZ (225 mg͞kg of body weight, i.p.). Subsequently, AAT and soluble TNF receptor were injected daily, and TACE inhibitor was administered twice a day. At 48 h, mean (ϮSEM) glucose levels are compared with those of normal littermates (n ϭ 3). * , P Ͻ 0.05; ** , P Ͻ 0.01, compared with saline-treated, STZ-injected mice.
immune and inf lammatory responses and, importantly, islet cell viability. (i) AAT reduces the degree of inf lammation below that which damages islets, (ii) AAT promotes the viability of islets in the presence of inf lammatory agents, (iii) AAT decreases islet immunogeneity in the form of low MHC class II expression, and (iv) AAT reduces infiltration of immune cells elicited by a variety of inducers, including those that are independent of MHC recognition. This impressive array of activities, which includes the crucial preservation of islet viability, is distinctive to AAT and has not been reported to be the outcome of other clinical or experimental immunosuppressive regimens.
The notable safety record of large-dose AAT administration in AAT-deficient patients (46) suggests that the use of AAT to block graft rejection may be well tolerated. The combination of allograft preservation, reduced graft toxicity, and a feasible safety profile in a single agent is unique and strongly suggests that AAT should be further studied as adjunctive therapy for islet transplantation in diabetic patients.
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